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Understanding the disposition kinetics and the pattern of metabolism is critical

to optimise the flukicidal activity of triclabendazole (TCBZ) in ruminants. TCBZ

is metabolised by both flavin-monooxygenase (FMO) and cytochrome P450

(P450) in the liver. Interference with these metabolic pathways may be useful

to increase the systemic availabilities of TCBZ metabolites, which may improve

the efficacy against Fasciola hepatica. The plasma disposition of TCBZ

metabolites was evaluated following TCBZ co-administration with FMO

[methimazole (MTZ)] and P450 [piperonyl butoxyde (PB) and ketoconazole

(KTZ)] inhibitors in sheep. Twenty (20) healthy Corriedale x Merino weaned

female lambs were randomly allocated into four experimental groups. Animals

of each group were treated as follow: Group A, TCBZ alone (5 mg ⁄ kg, IV

route); Group B, TCBZ (5 mg ⁄kg, IV) + MTZ (3 mg ⁄kg, IV); Group C, TCBZ

(5 mg ⁄kg, IV) + PB (30 mg ⁄kg, IV) and Group D, TCBZ (5 mg ⁄kg, IV) + KTZ

(10 mg ⁄kg, orally). Blood samples were taken over 240 h post-treatment and

analysed by HPLC. TCBZ sulphoxide and sulphone were the main metabolites

recovered in plasma. MTZ did not affect TCBZ disposition kinetics. TCBZ

sulphoxide Cmax values were significantly increased (P < 0.05) after the

TCBZ + PB (62%) and TCBZ + KTZ (37%) treatments compared to those

measured in the TCBZ alone treatment. TCBZ sulphoxide plasma AUCs were

higher (P < 0.05) in the presence of both PB (99%) and KTZ (41%). Inhibition

of TCBZ P450-mediated oxidation in the liver accounted for the increased

systemic availability of its active metabolite TCBZ sulphoxide. This work

contributes to the search of different strategies to improve the use of this

flukicidal drug in ruminants.
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INTRODUCTION

Triclabendazole [2–methylthio-5(6)–chloro-6(5)-(2¢,3¢-dichloro)

phenoxy-benzimidazole (TCBZ)] is an halogenated benzimidazole

(BZD) anthelmintic used worldwide to control immature and

adult stages of the liver fluke Fasciola hepatica (Boray et al.,

1983). The plasma pharmacokinetic profile of TCBZ has been

investigated in ruminant species, including cattle (Bogan et al.,

1988), sheep (Hennessy et al., 1987; Bogan et al., 1988) and

goats (Bogan et al., 1988). In sheep, the kinetics of TCBZ

disposition in plasma and bile has been thoroughly described

(Hennessy et al., 1987). TCBZ parent drug was not detected in

plasma after its oral administration to weaned lambs, indicating

its complete removal from portal blood by the liver after

intestinal absorption. Overall, TCBZ was oxidised to form its

primary plasma metabolites, i.e., triclabendazole sulphoxide

(TCBZSO) and triclabendazole sulphone (TCBZSO2). Extremely

low concentrations of TCBZ parent compound were detected in

bile, whereas TCBZSO, TCBZSO2 and the hydroxy-derivatives

were the major biliary metabolites recovered in TCBZ-treated

sheep in their unconjugated and conjugated forms (Hennessy

et al., 1987). TCBZ metabolites are strongly bound to plasma

proteins (‡90%), which may account for their long residence

time in the animal’s body (Hennessy et al., 1987).

Sulphoxidation and sulphonation appear to be the main

metabolic reactions involved in TCBZ hepatic biotransformation
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in sheep. A recent in vitro investigation carried out in our

laboratory showed that both mixed function oxidases, flavin

monooxygenase (FMO) and cytochrome P450 (P450), are

involved in such metabolic reactions in sheep liver (Virkel et al.,

2006). We also investigated the effect of well-known enzymatic

inhibitors on TCBZ metabolism by sheep liver microsomes.

Therefore, TCBZ sulphoxidative metabolism was reduced in the

presence of the FMO-inhibitor methimazole (MTZ), and also when

the anthelmintic molecule was incubated in the presence of the

P450 inhibitor piperonyl butoxide (PB). Moreover, the rate of

TCBZSO conversion into TCBZSO2 was also significantly inhibited

by either metabolic inhibitor. Inhibition of TCBZ sulphonation

was also observed in the presence of other P450 inhibitors such as

ketoconazole (KTZ) and erythromycin. The pharmacokinetic

study described here follows up our previous work and it was

designed to ascertain whether or not such in vitro metabolic

interactions might be observed under in vivo conditions. Inhibitors

of FMO or P450 enzymatic systems have been shown to interfere

with the biotransformation of other BZD anthelmintics either

in vivo or in vitro (Lanusse & Prichard, 1993). Thus, interference

with the liver oxidative metabolism has resulted in pronounced

modifications to the pharmacokinetic behaviour of active BZD

parent drugs or their active metabolites, which may improve the

clinical efficacy of these anthelmintics. The purpose of the work

described here was to evaluate the plasma disposition kinetics of

TCBZ metabolites following TCBZ co-administration with known

inhibitors of the FMO and P450 enzymatic systems in sheep.

MATERIALS AND METHODS

Chemicals

Reference standards (99% pure) of TCBZ and its –sulpho

metabolites (TCBZSO and TCBZSO2) were provided by Novartis

Animal Health (Basel, Switzerland). Stock solutions (1000

lg ⁄ mL) of each analyte were prepared in methanol (Baker

Inc., Phillipsburg, USA). Methimazole (MTZ) was a generous gift

of Gador Argentina S.A. (an injectable solution of 50 mg ⁄ mL

was prepared in sterile deionised water). Piperonyl butoxide (PB)

was purchased from Sigma-Aldrich Chemical Company (St.

Louis, USA.). An oral formulation of ketoconazole (KTZ) was

obtained from J’anvier (Buenos Aires, ARGENTINA). The

solvents used for chemical extraction and chromatographic

analyses were HPLC grade (Baker Inc., Phillipsburg, USA).

Experimental animals and treatments

Twenty (20) healthy Corriedale x Merino weaned female lambs

(18.6 ± 4.2 kg), identified with ear tags, were randomly allo-

cated into four (4) treatment groups of five animals each and

placed in indoor facilities during the trials. Sheep were fed with

high quality concentrated food and had free access to water.

Animals of each group were treated as follow: Group A, TCBZ

alone (5 mg ⁄ kg, IV route); Group B, TCBZ (5 mg ⁄ kg, IV) + MTZ

(3 mg ⁄ kg, IV); Group C, TCBZ (5 mg ⁄ kg, IV) + PB (30 mg ⁄ kg,

IV) and Group D, TCBZ (5 mg ⁄ kg, IV) + KTZ (10 mg ⁄ kg, orally).

Intravenous treatments were done in the right jugular vein.

TCBZ was formulated as a 15% (w ⁄ v) solution in propylene

glycol ⁄ dimethyl sulphoxide (90 ⁄ 10). Animal procedures and

management protocols were carried out according to the Animal

Welfare Policy (Academic Council Resolution 087 ⁄ 02) of the

Faculty of Veterinary Medicine, Universidad Nacional del Centro

de la Provincia de Buenos Aires (UNCPBA), Tandil, Argentina

(http://www.vet.unicen.edu.ar).

Sample collection

Blood samples were taken from the left jugular vein into

heparinised vacutainer tubes prior to and at 5, 10, 15,

30, 45 min, 1, 2, 4, 8, 12, 24, 36, 48, 76, 96, 120, 144, 192

and 240 h post-treatment. The collected blood samples were

centrifuged at 1000 g during 15 min and plasma stored at )20 �C

until the time of analysis.

Analytical procedures

Sample clean-up ⁄ extraction

Aliquots of the collected plasma (0.5 mL) were supplemented

with oxibendazole (OBZ) (as internal standard, 99.2% pure,

1 lg ⁄ 40 lL methanol) and then mixed with 2 mL acetonitrile.

The samples were shaken for 20 min in a multivortex and then

centrifuged at 2500 g for 15 min. Supernatants were evapo-

rated to dryness using an Automatic Environmental Speed Vac

System (Savant, Holbrook, USA). The dry residue was dissolved

in 300 lL mobile phase and 50 lL were injected into the high

performance liquid chromatography (HPLC) system.

Drug and metabolite analysis

Samples were analysed for TCBZ and its metabolites. Fifty

microlitres (50 lL) of each extracted sample were injected

through an autosampler (Shimadzu SIL 10 A Automatic Sample

Injector) into a Shimadzu 10 A HPLC system (Shimadzu

Corporation, Kyoto, Japan) fitted with a Kromasil C18 (5 lm,

250 mm · 4.60 mm) reverse-phase column (Eka Chemicals,

USA) and a UV detector (Shimadzu, SPD-10A UV detector)

reading at 292 nm. The mobile phase was composed of acetoni-

trile ⁄ ammonium acetate (0.025 M, pH 6.6) pumped as an elution

gradient (0–5 min: 52 ⁄ 48; 6–12 min: 64 ⁄ 36; 13–16 min:

52 ⁄ 48). The analytes were identified with the retention times of

97–99% pure reference standards. Under these chromatographic

conditions the retention times were 4.1 min (OBZ, used as

internal standard), 6.5 min (TCBZSO2), 8.3 min (TCBZSO) and

14.1 min (TCBZ). Chromatographic peak areas of each molecule

were measured using the integrator software (Class LC 10,

Shimadzu Corporation, Kyoto, Japan) of the HPLC system.

Drug ⁄ metabolites quantification

Validation of the analytical procedures for extraction and

quantification of TCBZ and its metabolites was performed before

starting the analysis of the experimental samples. Known

amounts of each analyte (0.05–10.0 lg ⁄ mL) were added to
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aliquots of plasma collected from untreated sheep. Fortified

samples were extracted and analysed by HPLC (triplicate

determinations) to obtain calibration curves and percentages of

recovery. Calibration curves were analysed using the least

squares linear regression analysis (Instat 3.00, Graph Pad

Software, Inc., San Diego, USA) of HPLC peak area ratios of

analytes ⁄ IS and nominal concentrations of spiked samples.

Correlation coefficients (r) for the different analytes ranged

between 0.995 and 0.999. A lack-of-fit test was also carried out

to confirm the linearity of the regression line of each analyte. The

concentrations in the experimental samples were determined

following interpolation using the standard curves. Absolute

recoveries were established by comparison of the detector

responses (peak areas) obtained for spiked plasma samples and

those of direct standards prepared in mobile phase (concentra-

tion range between 0.05 and 2 lg ⁄ mL). Drug ⁄ metabolite

absolute recoveries from plasma were: 82–87% (TCZSO2),

86–91% (TCBZSO) and 76–87% (TCBZ). The inter-assay

precision of the extraction and chromatographic procedures

were estimated by processing replicate aliquots (n = 4) of pooled

sheep plasma samples containing known concentrations of each

molecule (0.5, 1 and 2 lg ⁄ mL) on different working days.

Inter-assay precision coefficients of variation (CVs) were <15%

and relative error (accuracy) values were <20%.

Pharmacokinetic and statistical analyses of the data

The concentration vs. time curves for TCBZ and its metabolites in

plasma for each individual animal after the different treatments

were fitted with PK Solution 2.0 (Summit research services, CO,

USA). The data points generated for TCBZ in plasma after its i.v.

administration were best-fitted to a two-compartment open

model (Notari, 1987):

Cp ¼ Ae�at � Be�bt

where A and B are the primary and secondary disposition

intercepts; a and b are the primary and secondary disposition

rate constants; and Cp was the plasma concentration of TCBZ at

time t. The distribution and elimination half-lives were calcu-

lated as ln 2 divided by the rate constants. The estimated plasma

concentration of TCBZ parent drug at zero time (Cp(0)) after its

i.v. administration was the sum of the extrapolated zero-time

concentrations of the coefficient A and B. Total body clearance

(ClB) was calculated by:

ClB ¼ Dose=AUC

The volume of distribution (VD (area)) was estimated by the

following equation:

VDðareaÞ ¼ Dose=(AUC)ðbÞ

The following equation (Notari, 1987) was used to describe the

biexponential concentration-time curves for TCBZ metabolites

(sulphoxide and sulphone) after the intravenous administration

of TCBZ:

Cp ¼ Be�bt � Be�kt

where Cp = concentration in plasma at time t after administra-

tion (lg ⁄ mL); B = concentration at time zero extrapolated from

the elimination phase (lg ⁄ mL); e = base of the natural loga-

rithm; b = terminal slope (h)1); and k is the slope obtained by

feathering which represents the first order metabolite formation

rate constant (kfor) (h)1). The elimination half-life (t1 ⁄ 2b) and

metabolite formation half-lives (t1 ⁄ 2for) were calculated as ln2 ⁄b
and ln2 ⁄ k, respectively. The peak concentration (Cmax) and

time to peak concentration (Tmax) were displayed from the

plotted concentration-time curve of each analyte. The area un-

der the concentration time curve (AUC) was calculated by the

trapezoidal rule (Gibaldi & Perrier, 1982) and further extrapo-

lated to infinity by dividing the last experimental concentration

by the terminal slope (b). The mean residence time (MRT) was

determined as AUMC ⁄ AUC (Perrier & Mayersohn, 1982) where

AUMC is the area under the curve of the product of time and the

plasma drug concentration vs. time (Gibaldi & Perrier, 1982)

and AUC is as defined above.

Drug concentrations and all the estimated pharmacokinetic

parameters are reported as mean ± SD. A normality test was

performed for testing if the data are sampled from populations

that follow Gaussian distributions. This assumption was tested

using the Kolmogorov and Smirnov method. Mean pharmaco-

kinetic parameters for different experimental groups were

statistically compared using ANOVA. Where significant overall

differences (P < 0.05) were observed, further analysis among

TCBZ treatments was performed using Bonferroni Multiple

Comparisons Test. The assumption that the data, obtained after

all treatments, have the same variance was also assessed.

RESULTS

Triclabendazole parent drug displayed a biexponential plasma

concentration vs. time curve following its IV administration to

sheep. TCBZSO and TCBZSO2 were the metabolites detected in

the bloodstream. The mean (±SD) plasma concentration profiles

for TCBZ and its sulpho-derivatives after the IV administration

of TCBZ parent drug to sheep (control group) is shown in

Fig. 1. TCBZ was rapidly depleted from plasma and was

detected in the bloodstream between 5 min and 12 h post-

treatment. Similarly, TCBZ metabolites appeared rapidly in the

bloodstream (TCBZSO = 5 min, TCBZSO2 = 10 min), reaching

peak concentrations at 2.8 h (TCBZSO) and 21.6 h (TCBZSO2)

post-treatment.

The kinetic parameters characterising the plasma disposition of

TCBZ after its IV administration either alone (control group) or

co-administered with the different metabolic inhibitors are

compared in Table 1. As stated above, the parent drug was

rapidly depleted from plasma and was detected up to 12 h

postadministration of TCBZ alone or co-administered with each
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metabolic inhibitor. Additionally, no statistical differences were

observed among the pharmacokinetic parameters describing the

disposition kinetics of the parent drug after the different experi-

mental treatments.

The comparative TCBZSO plasma concentration profiles

obtained after the administration of TCBZ either alone or

co-administered with the different metabolic inhibitors is shown

in Fig. 2. Following all experimental treatments, TCBZSO was

detected in plasma from 5 min and up to 120 h postadministra-

tion of TCBZ. Mean pharmacokinetic parameters for TCBZSO

obtained after all experimental treatments are shown in Table 2.

MTZ did not modify the pharmacokinetic behaviour of TCBZSO

under the experimental conditions described in this work. On the

other hand, TCBZSO plasma availability (measured as AUC) was

higher when both PB (99%, P < 0.01) and KTZ (40.7%, P < 0.05)

were individually co-administered with TCBZ compared to that

observed when the flukicidal drug was administered alone. In

addition, TCBZSO peak plasma concentrations (Cmax) increased

after the administration of TCBZ + PB (62%, P < 0.01) and

TCBZ + KTZ (37%, P < 0.05) compared to that measured follow-

ing the administration of TCBZ alone.

Triclabendazole sulphone was detected in plasma from 10 min

to 144 h after administration of TCBZ alone or co-administered

with each metabolic inhibitor (Fig. 3). Table 3 compares the

pharmacokinetic parameters for TCBZSO2 obtained after all

experimental treatments. MTZ and KTZ did not modify the

disposition kinetics of TCBZSO2. Conversely, TCBZSO2 AUC and

Cmax values were enhanced following the TCBZ + PB admin-

istration compared to those measured when TCBZ was admin-

istered alone.

Figure 4 shows the partial TCBZSO AUC (0–36 h) ⁄ TCBZSO2

AUC (0–36 h) ratios obtained following all TCBZ experimental

treatments assayed. TCBZSO ⁄ TCBZSO2 AUC (0–36 h) ratios

were higher following TCBZ + PB (40%) and TCBZ + KTZ

(19%) treatments.

DISCUSSION

Benzimidazole anthelmintics require extensive hepatic oxidative

metabolism to achieve sufficient polarity for excretion (Hennessy

et al., 1993). As a common pattern among different BZDs, the

parent drug is short lived and metabolic products predominate in

most target tissues, as well as within parasites recovered from

BZD-treated animals (Alvarez et al., 1999, 2000; Cristofol et al.,

2001). Sulphur-containing BZD-methylcarbamates are metabo-

lised in the liver into their respective sulphoxide, sulphone and

hydroxylated metabolites (Gottschall et al., 1990). In terms of

parasite uptake ⁄ accumulation (Alvarez et al., 1999, 2000) and

mode of action (binding to tubulin) (Lubega & Prichard, 1991),

the parent thioethers (such as TCBZ) are more efficient than their

respective oxidised metabolites. Consequently, their metabolic

pattern and the resultant pharmacokinetic behaviour are

relevant in the attainment of high and sustained concentrations

of pharmacologically active drug ⁄ metabolites at the target

parasite (Lanusse & Prichard, 1993).

A biexponential plasma concentration vs. time curve charac-

terised the disposition kinetics of TCBZ following its IV admin-

istration. The drug was rapidly depleted from the systemic

circulation, being undetectable beyond 12 h post-treatment.
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Fig. 1. Mean (±SD) plasma concentrations (lg ⁄ mL) of triclabendazole

sulphoxide (TCBZSO) and sulphone (TCBZSO2) metabolites after the

intravenous administration (5 mg ⁄ kg) of an injectable formulation of

triclabendazole (TCBZ) to sheep (n = 5). The inserted graph shows the

plasma profile of TCBZ parent drug.

Table 1. Comparative disposition kinetics of

triclabendazole (TCBZ) parent drug after its

intravenous administration (5 mg ⁄ kg) either

alone (control group) or co-administered with

the metabolic inhibitors methimazole (MTZ),

piperonyl butoxide (PB) and ketoconazole

(KTZ)

Pharmacokinetic

parameters TCBZ control TCBZ + MTZ TCBZ + PB TCBZ + KTZ

Cp(0) (lg ⁄ mL) 4.44 ± 2.41 4.11 ± 1.48 5.97 ± 1.02 4.91 ± 1.78

t½a (h) 0.27 ± 0.18 0.23 ± 0.07 0.22 ± 0.07 0.19 ± 0.04

t½b (h) 7.24 ± 4.06 7.50 ± 5.90 8.61 ± 2.95 5.42 ± 3.92

AUC 0–12 h (lgÆh ⁄ mL) 5.48 ± 1.90 4.74 ± 0.79 6.91 ± 2.54 4.87 ± 1.16

MRT (h) 3.70 ± 0.77 3.34 ± 0.59 3.51 ± 0.78 3.10 ± 0.83

VD (area) L ⁄ kg 7.69 ± 5.59 10.3 ± 6.60 7.05 ± 2.87 6.88 ± 2.94

ClB (mL ⁄ hÆkg) 701 ± 393 660 ± 320 569.5 ± 310.1 707.9 ± 472.9

Cp(0), estimated initial (at time zero) drug concentration in plasma; t½a, distribution half-life; t½b,

elimination half-life; AUC 0–12 h, area under concentration-time curve from time 0 to 12 h after

drug treatment; MRT, mean residence time; VD (area), apparent volume of distribution based on AUC;

ClB: body clearance.
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Mean TCBZ t½a values ranged between 0.19 and 0.27 h and

characterised its distribution phase. The fast disappearance of

TCBZ from plasma during this initial phase confirms its extensive

oxidation in the liver and in extra-hepatic tissues, but also

indicates the wide tissue distribution of the anthelmintic drug

(VD values much higher than 1 L ⁄ kg). In addition, this pattern of

TCBZ depletion from the systemic circulation may indicate that

the drug is sequestered in the liver, as it was previously

suggested for albendazole (Hennessy et al., 1989). Therefore,

TCBZ concentration in the liver tissue, even when the drug is

administered by an enteral route, may be relevant for its activity

against migrating immature fluke stages.

The rapid disappearance of TCBZ from the bloodstream and

the early appearance of its sulphoxide and sulphone metabolites

confirm the rapid hepatic and extra-hepatic biotransformation of

the parent drug. TCBZ metabolites bind strongly (‡90%) to

plasma proteins, specifically albumin (Hennessy et al., 1987).

The long persistence of TCBZ metabolites in the bloodstream

(over 120 h post-treatment) and their high plasma concentra-

tions, compared to other BZD compounds, correlate with their

extensive plasma protein binding. This enhanced plasma profile

of TCBZ metabolites may contribute to the drug flukicidal

activity based on a high and prolonged drug exposure of blood-

feeding adult flukes.

As previously shown for the most commonly used BZDs, two

sequential oxidative steps (sulphoxidation and sulphonation)

appear to be the main metabolic reactions involved in TCBZ

hepatic biotransformation in sheep. The sulphoxide metabolite

may be reduced back to its parent thioether by ruminal

microflora (Virkel et al., 2006), but also may undergo a second,

slower and irreversible oxidative step that forms the sulphone

derivative. In vitro investigations carried out in our laboratory

showed that both FMO and P450 are involved in TCBZ

biotransformation in sheep liver (Virkel et al., 2006). While the

FMO system was found as the main enzymatic pathway involved

in the sulphoxidation of TCBZ (yielding �77% of TCBZSO

production), both enzymatic systems participate in a similar

proportion in the sulphonation reaction to form the sulphone

metabolite. Studies on ex vivo drug diffusion into TCBZ-suscep-

tible Fasciola hepatica, demonstrated that TCBZ, TCBZSO and

TCBZSO2 have the capability to penetrate the fluke¢s tegument

(Alvarez et al., 2004). The parent TCBZ and its sulphoxide and

sulphone metabolites showed a similar ability to penetrate into

the trematode parasite. However, the diffusion of the hydroxy-

derivatives into the fluke was lower than that observed for the

sulpho-containing TCBZ derivatives (TCBZSO and TCBZSO2).

Although the intrinsic mechanism of action of TCBZ and its

metabolites remains to be fully understood (Fairweather, 2005;

Brennan et al., 2007), TCBZ–sulpho and –hydroxy derivatives

are supposed to be less potent than the parent drug. Therefore,

both sequential oxidative steps may give rise to a considerable

reduction in their anthelmintic efficacy.

In vivo interference with the liver FMO-mediated and ⁄ or P450-

mediated metabolism has resulted in pronounced modifications

to the pharmacokinetic behaviour of anthelmintically active BZD

metabolites. It has been shown that co-administration of BZDs

with known metabolic inhibitors enhances the plasma availabil-

ities of the parent drug and ⁄ or their metabolites. Thus, the

enhanced plasma levels and ⁄ or extended presence of active

moieties may prolong the plasma-tissue recycling process and
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Fig. 2. Comparative mean (±SD) plasma concentration profiles (lg ⁄ mL)

of triclabendazole sulphoxide (TCBZSO) in sheep after the intravenous

administration of triclabendazole (TCBZ) parent drug (5 mg ⁄ kg) either

alone or co-administered with different metabolic inhibitors: methimazole

(MTZ), piperonyl butoxide (PB) and ketoconazole (KTZ). The inserted

graph shows TCBZSO plasma concentrations from 0.25 to 36 h

postadministration of TCBZ alone or co-administered with PB or KTZ.

Values are significantly different from the TCBZ alone treatment at

(**) P < 0.01 and (*) P < 0.05.

Table 2. Comparative pharmacokinetic

parameters for triclabendazole sulphoxide

(TCBZSO) obtained after administration of

triclabendazole (TCBZ) parent drug (5 mg ⁄ kg)

either alone or co-administered with the

metabolic inhibitors methimazole (MTZ),

piperonyl butoxide (PB) and ketoconazole

(KTZ)

Pharmacokinetic

parameters TCBZ control TCBZ + MTZ TCBZ + PB TCBZ + KTZ

t½for (h) 0.29 ± 0.06 0.51 ± 0.23* 0.59 ± 0.18* 0.29 ± 0.12

Cmax (lg ⁄ mL) 12.9 ± 4.45 12.0 ± 1.10 20.9 ± 2.75** 17.7 ± 3.69*

Tmax (h) 2.80 ± 1.10 2.60 ± 1.34 5.00 ± 2.00 4.00 ± 3.67

t½b (h) 15.6 ± 1.77 12.2 ± 4.27 17.8 ± 2.00 17.4 ± 6.81

AUC 0–120 h (lgÆh ⁄ mL) 297.6 ± 76.0 253.5 ± 96.1 592.5 ± 145.2** 418.7 ± 66.4*

MRT (h) 21.3 ± 4.05 17.9 ± 5.38 17.6 ± 1.01 26.1 ± 15.0

Data are expressed as mean ± SD (n = 5 animals).

Cmax, peak plasma concentration; Tmax, time to peak plasma concentration; t½for, metabolite

formation half-life; t½b, elimination half-life; AUC 0–120 h, area under concentration-time curve

from time 0 to 120 h after drug treatment; MRT, mean residence time. Values are significantly

different from the TCBZ alone treatment at (*) P < 0.05a and P < 0.01.
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increase their concentrations at the most important tissues of

parasite location (Lanusse & Prichard, 1993). This phenomenon

may assure a significant parasite exposure to the drug and

improved clinical efficacy for the administered compound as a

consequence of enhanced active drug ⁄ metabolite concentrations

being presented to the parasite for extended time periods

(Lanusse & Prichard, 1993). In sheep, co-administration of

oxfendazole with parbendazole (Hennessy et al., 1992), MTZ

(Lanusse et al., 1995) or PB (Sánchez et al., 2002) increased the

concentrations of the active moieties (fenbendazole and oxfen-

dazole itself) in the systemic circulation. Besides, MTZ and

metyrapone, a potent inhibitor of the P450 system, improved the

plasma availabilities of albendazole metabolites following the

administration of the pro-BZD netobimin to sheep (Lanusse &

Prichard, 1991, 1992). More than 3-fold increments in the AUC

values of fenbendazole and its sulphoxide metabolite (oxfendaz-

ole) were observed following fenbendazole + PB administration

to sheep and goats (Benchaoui & McKellar, 1996). Moreover, the

concomitant administration of fenbendazole with PB markedly

improved the efficacy against BZD-resistant strains of Ostertagia

circumcincta and Haemonchus contortus in sheep (Benchaoui &

McKellar, 1996). Co-administration of MTZ with netobimin or

albendazole also increased the efficacy against arrested larvae of

Ostertagia ostertagi and against total adult gastrointestinal

nematodes in naturally infected cattle (Lanusse & Prichard,

1993). All these previous results clearly demonstrate the

practical relevance of the interference with the liver oxidative

metabolism, which may represent a useful tool to increase the

antiparasitic efficacy of BZD anthelmintics in ruminants.

In the current work, TCBZ was administered by the IV route

instead of the commonly used oral or intraruminal routes.

Several factors, such as the dissolution rate of the formulation,

the extent of drug adsorption to the particulate digesta material,

the gastrointestinal transit time, the oesophageal grove closure

and ⁄ or the metabolic activity of the ruminal microflora have

been shown to affect drastically the rate and the extent of

absorption (and the systemic availability) of enterally adminis-

tered BZDs (Hennessy, 1993; Lanusse & Prichard, 1993). These

factors must be considered even when the anthelmintic drug
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Fig. 3. Comparative mean (±SD) plasma concentration profiles (lg ⁄ mL)

of triclabendazole sulphone (TCBZSO2) in sheep after the intravenous

administration of triclabendazole (TCBZ) parent drug (5 mg ⁄ kg) either

alone or co-administered with different metabolic inhibitors: methimazole

(MTZ), piperonyl butoxide (PB) and ketoconazole (KTZ). The inserted

graph shows TCBZSO2 plasma concentrations from 1 to 72 h postad-

ministration of TCBZ alone or co-administered with PB or KTZ. Values

are significantly different from the TCBZ alone treatment at (*) P < 0.05.
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Table 3. Comparative pharmacokinetic

parameters for triclabendazole sulphone

(TCBZSO2) obtained after administration of

triclabendazole (TCBZ) parent drug (5 mg ⁄ kg)

either alone or co-administered with the

metabolic inhibitors methimazole (MTZ),

piperonyl butoxide (PB) and ketoconazole

(KTZ)

Pharmacokinetic

parameters TCBZ control TCBZ + MTZ TCBZ + PB TCBZ + KTZ

t½for (h) 7.39 ± 0.77 8.12 ± 2.46 9.10 ± 1.66 8.31 ± 2.46

Cmax (lg ⁄ mL) 7.02 ± 1.93 5.50 ± 0.65 11.4 ± 1.92** 8.32 ± 1.86

Tmax (h) 21.6 ± 5.37 21.6 ± 10.0 30.0 ± 6.93 26.4 ± 13.2

t½b (h) 24.3 ± 5.22 19.1 ± 5.56 23.5 ± 6.76 24.7 ± 10.1

AUC 0–144 h (lgÆh ⁄ mL) 420.1 ± 103.6 309.1 ± 107.3 643.0 ± 151.2* 517.6 ± 166.4

MRT (h) 43.9 ± 7.93 42.5 ± 13.9 41.3 ± 8.33 46.7 ± 17.4

Data are expressed as mean ± SD (n = 5 animals).

Cmax, peak plasma concentration; Tmax, time to peak plasma concentration; t½for, metabolite

formation half-life; t½b, elimination half-life; AUC 0–144 h, area under concentration-time curve

from time 0 to 144 h after drug treatment; MRT, mean residence time. Values are significantly

different from the TCBZ alone treatment at (*) P < 0.05a and P < 0.01.
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under study is co-administered with a given metabolic inhibitor.

Thus, selection of the IV route avoided the influence of those

factors affecting the absorption of TCBZ and, consequently, the

hypothetic metabolic interferences under study in the current

work.

All metabolic inhibitors tested in this study were able to

decrease the in vitro hepatic biotransformation of TCBZ (Virkel

et al., 2006). Although MTZ inhibited both TCBZSO and

TCBZSO2 formation in vitro, this FMO inhibitor did not induce

noticeable changes on the kinetic disposition of TCBZ metab-

olites in sheep. A �76% increment on TCBZSO t½for (see

Table 2) was evidenced after the co-administration of TCBZ

with MTZ in the current work, being the unique pharmaco-

kinetic modification observed in the presence of this metabolic

inhibitor. This observation may indicate a delayed in vivo

FMO-mediated TCBZ sulphoxidation in the presence of MTZ,

which did not induce changes on the plasma availability of

TCBZSO. A clinically relevant drug interaction after the

concomitant administration of two different compounds may

occur if adequate concentrations are achieved at the site of

action at the same time. Although there is not information

available on the kinetic disposition of MTZ in ruminants, short

half-lives characterised its plasma disposition kinetics in other

species such as dogs (Vail et al., 1994), cats (Hoffman et al.,

2002) and humans (Hengstmann & Hohn, 1985; Jansson

et al., 1985). The possible faster MTZ disposition after its IV

administration in the current trial (opposed to the high

concentrations of TCBZ achieved in the liver parenchyma)

may have accounted for the lack of an in vivo metabolic

interaction between both compounds under the experimental

conditions described here. Speculations other than that above

mentioned may be inconsistent, since MTZ induced

pronounced changes on the disposition kinetics of other

commonly used BZD anthelmintics (Lanusse & Prichard,

1993).

Co-administration of TCBZ with PB enhanced the plasma

availabilities (measured as AUC) of TCBZSO (99%) and TCBZSO2

(53%). These results are consistent with previous findings on the

effects of PB on the kinetic disposition and clinical efficacy of

fenbendazole and its sulphoxide derivative oxfendazole (Bencha-

oui & McKellar, 1996; Sánchez et al., 2002). PB is a known

inhibitor of the P450-mediated oxidation of TCBZ in vitro (Virkel

et al., 2006). Thus, the delayed TCBZ sulphoxidation and

sulphonation may extend the time of TCBZSO and TCBZSO2

formation, which would explain the increased availability of

both metabolites in TCBZ + PB treated sheep. In addition, the

reduced rate of the sulphonation reaction increased the

proportion of the active TCBZSO metabolite measured in plasma

up to 36 h post-treatment (see Fig. 4). Undoubtedly, inhibition of

P450-mediated TCBZ oxidation accounted for the increased

systemic availabilities of both TCBZ metabolites in sheep.

Ketoconazole, a broad spectrum antifungal agent, has been

shown to be a selective inhibitor of P450 3A-mediated reactions

(Newton et al., 1995). Moreover, it has been shown that KTZ

may also inhibit P450 1A2, 2D6 and 2C9 activities in human

liver microsomes (Newton et al., 1995), whilst its N-deacetyl

metabolite, formed in a P450 3A-mediated reaction, undergoes

FMO1 and FMO3-dependent N-oxidation (Rodriguez et al.,

1999). Inhibition of albendazole oxidative processes by

co-administration of the N-substituted imidazoles, KTZ or

clotrimazole, enhanced the plasma availabilities of albendazole

sulphoxide and sulphone in rats (Merino et al., 2003a,b).

Inhibition of the hepatic P450-mediated TCBZSO2 production

by KTZ (Virkel et al., 2006) agrees well with the increased AUC

(41%) and Cmax (37%) values of TCBZSO when TCBZ was

co-administered with the antifungal drug. The increased

TCBZSO ⁄ TCBZSO2 AUC(0–36 h) ratio may also indicate inhibi-

tion of P450-mediated sulphonation following TCBZ + KTZ

treatment.

From a mechanistic point of view (which could be clearly

addressed in an in vitro experiment), inhibition of TCBZ oxidative

metabolism in vivo should increase the plasma concentrations of

the parent drug and decrease the P450-mediated formation of its

sulphoxide and sulphone metabolites. However, the rapid

depletion of TCBZ from the bloodstream, after a few hours of

its intravenous administration, may accounted for the absence of

noticeable changes on the plasma disposition kinetics of the

parent drug after its co-administration with the P450 inhibitors

tested. As high concentrations of TCBZ may be accumulated in

the liver tissue, the metabolic interactions after the co-admin-

istration of the P450 inhibitors permit to observe the differences

in the plasma concentrations of TCBZ metabolites.

Finally, this pharmacokinetic study was designed to

establish whether or not metabolic interactions observed

in vitro might be reproduced under in vivo conditions.

Although MTZ inhibited both TCBZSO and TCBZSO2 formation

in vitro, this FMO inhibitor did not affect the kinetic disposition

of TCBZ metabolites in sheep, presumably due to its fast

elimination from the body after the IV administration. PB and

KTZ inhibited the P450-mediated oxidation of TCBZ in the

liver (and possibly in extra-hepatic tissues), which was

reflected by an increased systemic availability of its active

flukicidal TCBZSO metabolite. Moreover, co-administration of

TCBZ with PB increased the availability of TCBZSO2. This

metabolite also has some flukicidal activity and may contri-

bute to the overall TCBZ efficacy against Fasciola hepatica

(Büscher et al., 1999; Fairweather et al., 2007).

No major new anthelmintic compounds have become

available since the introduction of macrocyclic lactones

endectocides in the veterinary market. Therefore, new phar-

macological strategies are needed to improve the performance of

existing anthelmintics. Modulation of drug metabolism in the

host, as well as within the target parasites, should be considered

among other available tools to optimise the efficacy of commonly

used anthelmintic drugs in ruminants.
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